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Abstract
The azimuthal asymmetry of the minijet system produced in nucleon-nucleon and nuclear
collisions in a central rapidity window is studied. We show that in pp collisions the minijet
transverse energy production in a central rapidity window is essentially unbalanced in azimuth
due to asymmetric contributions from one jet and two jet contributions. We show that at RHIC
energy the distributions describing the azimuthal asymmetry of the minijet system produced in
nuclear collisions are quite broad and irregular, while at LHC energy they are close to Lorentzian
when averaged over all impact parameters and to Gaussian for central collisions. The relative
distribution width grows with diminishing azimuthal acceptance window.
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1 Introduction
Minijet physics is one of the most promising applications of perturbative QCD to the analysis
of processes with multiparticle production. The minijet approach is based on the fact that
some portion of transverse energy is produced in the semihard form, i.e. is perturbatively
calculable because of the relatively large transverse momenta involved in the scattering but is
not observed in the form of customary hard jets well separated from the soft background. The
eld is actively developing. Reviews on the subject containing a large number of references are
e.g. [1], [2] and [3]. New interesting results were obtained in the promising approach to minijet
production based on the quasiclassical treatment of nuclear gluon distributions, [4], [5], [6], [7],
[8], [9] and in the one based on the parton cascade approach [10].
A special importance of minijet physics for ultrarelativistic heavy ion collisions is due to the
fact that minijets with large enough transverse momenta are produced at a very early stage of
the collision thus forming an initial parton system that can further evolve kinetically or even
hydrodynamically, so that the minijet physics describes the initial conditions for subsequent
collective evolution of parton matter [11], [12], [13], [14], see also a recent review [16].
The crucial aspect of describing and experimentally detecting the collective behavior of
dense strongly interacting matter is that this collective behavior is an essentially event-by-
event one [17]. Thus the analysis of event-by-event variations of the quantities sensitive to the
collective dynamics is very important, see. e.g. [19], [18] and references therein.
The analysis of the event-by-event pattern of the initial minijet generated transverse energy
flow was rst done in the paper by M. Gyulassy et al. [20]. In this paper a HIJING [21]
generated list of partons with specied coordinates and momenta was used to compute a coarse
- grained energy density and velocity eld at RHIC energy
p
s = 200 GeV. The resulting
distributions turned out to be highly irregular and similar to the ones occurring in turbulent
flows.
In this paper we study the event-by-event inhomogeneities in the azimuthal distribution
of minijets following from the basic asymmetry of minijet transverse energy production into
a nite rapidity window in pp collisions. The nuclear collisions are described by a geometric
model [22] in which they are described as a superposition of basic nucleon-nucleon ones. The
main dierence of our analysis from that of [20] is characterizing the azimuthal asymmetry of
the minijet system only in terms of (transverse) momenta as calculated in the conventional
S-matrix eld theory formalism. The obvious drawback of this choice is the discussion of local
quantities being dicult, while the merit is a possibility of extending the analysis to higher
orders in QCD perturbation theory.
The outline of the paper is as follows.
In the second section we analyse the basic mechanism for producing azimuthally asymmetric
congurations in the restricted phase space domain, which in the considered case will be a unit
central rapidity window, in pp collisions. We calculate the relative weights for symmetric (two-
jet) and asymmetric (one-jet) contributions to the transverse energy production cross section for
RHIC (
p
s = 200 GeV) and LHC (
p
s = 5500 GeV) for underlying nucleon-nucleon collisions.
In the third section the computed contributions to azimuthally symmetric and asymmetric
components of the pp minijet transverse energy production into a unit central rapidity window
is used in the calculation of the asymmetry of the transverse energy production in heavy ion
collisions, where the nuclear collision is described as a superposition of the nucleon-nucleon
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ones in a geometrical approach of [22]. We study the azimuthal asymmetry for RHIC and LHC
energies for central and impact averaged nuclear collisions.
In the last section we discuss the results and formulate the conclusions.
2 Azimuthal pattern of minijet production in pp colli-
sions
The mechanism responsible for transverse energy production in leading order in QCD pertur-
bation theory is an elastic two-to-two parton-parton scattering. Its cross section is given by








 x2f(x2, p2?) (1)





S are the fractional
longitudinal momenta of the produced partons and dσ^/dp2? is a dierential cross section of elas-
tic parton-parton scattering. In the following we will be specically interested in the transverse
energy production into some given (central) rapidity interval ymin < y1, y2 < ymax. Opera-
tionally the transverse energy E? deposited in this window by two scattered partons is dened
as 1
E? = p1θ(ymin < y1 < ymax) + p2θ(ymin < y2 < ymax) (2)
In the following we shall conne ourselves to considering the central rapidity interval ymin =
−0.5 < y < ymax = 0.5 and stay at the LO (Born elastic scattering) level, so that in each
collision the transverse momenta of the two produced partons are equal, p?1 = p?2 = p. This
does not mean that these transverse momenta will be balanced in the rapidity window under
consideration, so the event space for transverse energy deposition can be summarized by
E? =

0 if no particle gets into the gap
p if one particle gets into the gap
2p if two particles get into the gap
(3)
When considering the transverse energy production into a given rapidity window in pp colli-
sions only the second and third possibilities are relevant. To quantify the computation of the




dy1dy2(θ(y1) + θ(y2)− 2θ(y1)θ(y2))  (. . .) (4)
S2 =
∫
dy1dy2(θ(y1)θ(y2))  (. . .) , (5)
where θ(y1,2) = θ(ymin < y1,2 < ymax) Applying these operators to the dierential cross section
Eq. (1) we get a decomposition of the transverse energy production cross section in a given
1In Eq. (2) and below pi = jp⊥ij
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rapidity window into the separate one-jet and two-jet contributions (second and third entries




























On the event-by-event basis these contributions correspond to completely dierent possibilities
of having an azimuthally balanced symmetric and unbalanced asymmetric transverse energy
flow in the rapidity window under consideration.
Let us note, that the overall normalization for minijet transverse energy production in a








where because of the infrared singularity at small E? one has to introduce a cuto E0. In the
following we shall take E0 = 4 GeV. In Fig. (1) and Fig. (2) we plot the transverse energy
production cross sections Eq. (7) and Eq. (8) for RHIC and LHC energies
p
s = 200 GeV andp
s = 5500 GeV, where for LHC we have chosen the energy to be available for protons in lead
beams and the MRSG(-) structure functions [23] were used.
The information contained in Fig. (1) and (2) is summarized in Table 1, where we show
the parameters for the ts for the one-jet and two-jet spectra Eq. (7) and Eq. (8) having the
functional form a  E−α? and the overall probability of the asymmetric one-jet contribution p1
p
S,GeV σ(E0),mb p1 α a,mb/GeV
1 jet 2 jets 1 jet 2 jets
200 0.31 0.47 5.09 4.53 173 77
5500 15.26 0.69 4.25 3.93 3099 819
Table 1
We see that at RHIC energies the one-jet asymmetric contribution dominates at small
transverse energies, and at E?  4.5 GeV the two-jet symmetric contribution takes over. At
LHC energies the asymmetric contribution is clearly dominant in the whole minijet transverse
energy range.
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Figure 1: Two-jet and one-jet contributions to transverse energy production in pp collisions in
unit central rapidity window at RHIC energy
p
s = 200 GeV.















Figure 2: Two-jet and one-jet contributions to transverse energy production in pp collisions in
unit central rapidity window at LHC energy
p
s = 5500 GeV.
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3 Azimuthal asymmetry of minijet transverse energy flow
in nuclear collisions
.
In this section we turn to the analysis of the angular asymmetry of the minijet produced
transverse energy in the nuclear collisions induced by the fundamental asymmetry in the pp
ones described in the previous section. The translation of the properties characterizing the
particle production in the pp collisions to those characterizing the nuclear ones is possible in the
geometrical Glauber models, where the nucleus-nucleus collision is considered as a superposition
of the proton-proton ones, see e.g. [13]. At each impact parameter b the nucleus-nucleus collision










2b2P (b− b1 + b2)ρA(b1)ρB(b2) (11)
and ρA(b) is a nucleon-in-nucleus distribution at given impact parameter with the normalization∫
d2bρA(b) = 1, (12)
and P (b) is a probability of minijet producing inelastic pp collision at given impact parameter
normalized to the yield of the inelastic cross section corresponding to minijet transverse energy
production in the central rapidity window under consideration in pp collisions∫
d2bP (b) = σminijetpp (jyj  0.5) (13)
This normalization corresponds to the Bernoulli process Eq. (10) such that at least one elemen-
tary pp collision deposes transverse momentum into the rapidity window under consideration in
a given nucleus-nucleus collision. The transverse energy production in nucleus-nucleus collisions
is then described by the convolution of the distribution over the number of pp collisions obtained
from Eq. (10) by integrating over the impact parameter with the distributions characterizing
the transverse energy production in pp collisions Eq. (7) and Eq. (8).
In practice this convolution was realized by a Monte Carlo procedure, where
 a large number ( 106) nucleus-nucleus collisions were generated with the number of pp
collisions distributed according to Eq. (10),
 the relative weight of one-jet and two-jet type pp collisions was determined from the third
column of Table 1,
 the weight for E? itself was in turn determined by Eq. (7) and Eq. (8) for asymmetric
and symmetric contributions correspondingly,
 the azimuthal orientation of jet(s) was determined at random corresponding to a flat
distribution in the azimuthal angle. For two-jet events the jets are going into opposite
directions, so that their azimuth diers by pi. ϕ.
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Before turning to the analysis of the minijet induced angular asymmetry, let us study the
global properties of the event ensemble corresponding to our normalization choice Eq. (13).
The total ensemble of events including those where no minijets is produced in nuclear collision
is given by the Bernoulli scheme analogous to Eq. (10) normalized at σinelastic for pp collisions at
given energy, that is at 41.8 mb at RHIC and 66.3 mb at LHC energy. The values for inelastic
cross sections of nucleus-nucleus collisions and those for the subensemble of events containing
at least one minijet calculated within the Glauber model Eq. (10) and normalized at σinelasticpp
and σminijetspp correspondingly, are given in Table 2, where for completeness we also show the
corresponding values resulting from the NLO computation of [22]
p
s, GeV type σpp, mb σPbPb, mb
inelastic 41.8 7300
200 jet LO 0.31 3560
jet LO+NLO 0.55 4125
inelastic 66.3 7596
5500 jet LO 15.3 6637
jet LO+NLO 26.9 7013
Table 2
This illustrates the general composition of the whole event ensemble averaged over all values
of impact parameter. The number of nuclear collisions in which no minijets is produced is quite
small and these are only periferal ones. For example, for impact parameter b = 6 fm the yield
of these non-minijet events is 0.01 at RHIC and 5 10−5 at LHC. More detailed characterization
of the event ensemble is given by the probability distributions of having a given number of
inelastic pp collisions at two values of impact parameter b = 0 and b = 6 fm shown in Fig. (3)
and Fig. (4). The subensemble of pp collisions producing minijets shows broader distributions
as shown in Figs. (5) and (6).
Let us stress, that in Figs. (5) and (6) the plotted quantity is not the number of minijets,
but rather the number of specic inelastic events in which one or two minijets were produced
in the central rapidity window. We see that with the chosen transverse energy cuto E0 = 4
GeV the mean number of minijet producing pp collisions at RHIC is small, while at LHC their
yield is quite large. Let us note that in collinear factorization framework there is no reason to
make the cuto in transverse energy a function of the overall energy of the collision, because
the main physical reason for this, the growth of the intrinsic transverse momentum of partons,
is by denition completely neglected in the leading order leading twist expression for the cross
section Eq. (1).
Let us note that the values of the cross sections and number of minijet producing pp col-
lisions are in general very sensitive both to the choice of the infrared cuto and to that of
the structure functions. In particular, the larger values of these quantities found, e.g., in [14],
[15] are (dividing by the K-factor  2 in [14]) mainly due to the choice of the cuto on the
transverse momentum of the minijets rather than on energy, as in the present work. The "ex-
tra" contributions of single minijets having transverse momenta in the interval 2 < p? < 4
GeV, not taken into account with our cuto on transverse energy E0 = 4 GeV, enhance the
integrated cross section, Eq. (9), of minijet production by the factors of 6 at RHIC and 4.8
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Figure 3: Distribution in the number of inelastic pp collisions in PbPb collisions at RHIC energyp
s = 200 GeV at two values of impact parameter b = 0 and b = 6 fm.
















Figure 4: Distribution in the number of inelastic pp collisions in PbPb collisions at LHC energyp
s = 5500 GeV
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Figure 5: Distribution in the number of minijet producing pp collisions in PbPb collisions at
RHIC energy
p
s = 200 GeV at two values of impact parameter b = 0 and b = 6 fm.















Figure 6: Distribution in the number of minijet producing pp collisions in PbPb collisions at
LHC energy
p
s = 5500 GeV
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at LHC energies correspondingly. The choice of the structure function can also signicantly
influence the answer.
There exist several ways of characterizing the event-by-event asymmetry of the minijet
generated transverse energy flow. One of them, having an important advantage of allowing for
the next-to-leading order analysis, is a (normalized) dierence between the transverse energy
flow into the oppositely azimuthally oriented cones with a specied opening δϕ. For convenience
one can think of the directions of these cones as being "up" and "down" corresponding to some
specic choice for orienting the system of coordinates in the transverse plane. All our results
are, of course, not sensitive to this choice. Let us denote the transverse energy going into the














From (14) it is obvious that r 2 [−1, 1].
To evaluate p(r) we use a Monte-Carlo simulation of the process of nuclear scattering as
described above for the generated ensemble of 106 PbPb collisions at RHIC and 105 at LHC
energies. We have calculated the asymmetry distributions p(r) for the central (zero impact
parameter b = 0) and impact parameter averaged collisions and cone apertures pi, pi/2 and
pi/4. The resulting probability densities are plotted in Fig. (7) and Fig. (8) and in Figs. (9)
and (10) for impact parameter averaged and central collisions for RHIC and LHC energies
correspondingly.
To understand the normalization of the result it is important to note, that all minijet
producing events are contributing when counting contributions into the given aperture, which
becomes noticeable at small apertures. The corresponding yields are shown in Table 3, where
the case of central collisions at LHC is ommited, because all minijet events contribute into all
apertures there.
type δϕ = pi δϕ = pi/2 δϕ = pi/4
200 GeV averaged 1 0.79 0.56
200 GeV central 1 0.99 0.91
5500 GeV averaged 1 0.93 0.86
Table 3
Let us note that, in particular in the cases where the number of contributing collisions is not
large (RHIC), one encounters "singular" congurations, for which r = −1, 1 and r = 0 corre-
sponding to absolutely asymmetric and absolutely symmetric events in PbPb collisions. Their
probabilistic weight can be described by δ - functional contribution to p(r) at the "singular"
points. Their yield in the event ensemble is given in Table 4.
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Figure 7: Probability distribution of the azimuthal asymmetry p(r) in unit central rapidity
window at RHIC energy
p
s = 200 GeV in impact parameter averaged collisions

















Figure 8: Probability distribution of the azimuthal asymmetry p(r) in unit central rapidity
window at RHIC energy
p
s = 200 GeV in central collisions
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Figure 9: Probability distribution of the azimuthal asymmetry p(r) in unit central rapidity
window at LHC energy
p
s = 5500 GeV in impact parameter averaged collisions
















Figure 10: Probability distribution of the azimuthal asymmetry p(r) in unit central rapidity
window at LHC energy
p
s = 5500 GeV in central collisions
12
type δϕ r=-1 r=0 r=1
pi 7.93  10−2 2.34  10−1 7.88  10−2
200 GeV averaged pi/2 1.12  10−1 3.17  10−1 1.11  10−1
pi/4 1.52  10−1 3.99  10−1 1.51  10−1
pi 5  10−4 1.02  10−2 5  10−4
200 GeV central pi/2 1.63  10−2 9.39  10−2 1.61  10−2
pi/4 7.34  10−2 2.52  10−1 7.33  10−2
pi 4.3  10−2 3.9  10−2 4.4  10−2
5500 GeV averaged pi/2 4.7  10−2 4.3  10−2 4.64.9  10−2
pi/4 5.5  10−2 4.9  10−2 5.5  10−2
Table 4
In Figs. (7)-(10) these contributions would correspond to innitely narrow peaks and are
thus not shown.
Let us rst analyze the results for the continuous part of the asymmetry distributions shown
in Figs. (7)-(10). At RHIC energy the distributions are quite broad, especially for impact
parameter averaged collisions, and tting them does not make much sense. At LHC energy
the distributions can be approximated by Lorentzians for impact parameter averaged collisions
and by Gaussians for the central ones.
As for the "special" points, their weight is quite substantial for impact parameter averaged
distributions, especially for small cone apertures, while for central collisions it is rather small
or even equal to zero for the ensemble of central PbPb events at LHC energy (this is a reason
for the corresponding line in Table 1 being absent).
4 Conclusions
The main results of our analysis can be formulated as follows.
There exist a basic asymmetry in the minijet transverse energy production in a restricted
rapidity window in pp collisions due to dierent probabilities of having a "symmetric" two-jet
or "asymmetric" one-jet contributions in the rapidity interval under consideration. The cross
sections for symmetric and asymmetric contributions in pp collisions for RHIC and LHC energy
show that while at RHIC energy the weight of both congurations is approximately equal, at
LHC energy the asymmetric contribution is clearly dominant.
Considering now a geometrical model for nuclear collisions in which they are described as an
incoherent superposition of nucleon-nucleon ones we see, that apart from the basic asymmetry
at the pp level the asymmetry distributions fro nuclear collisions are very sensitive with respect
to the eective number of elementary pp collisions in a given nuclear scattering event. The
distributions characterizing azimuthal asymmetry are quite irregular at RHIC even for central
collisions conrming the results of [20]. At LHC energy the distributions are much more regular
and have the Lorentzian form for impact parameter averaged and the Gaussian one for central
collisions.
The approach developed in this paper could be further generalized to the analysis of the
minijet generated background oriented flow [24] (for the denition of the oriented flow and
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comprehensive discussion see e.g. [25]). In particular, as the importance of minijet contribu-
tion is expected to grow with energy the presence of the background oriented flow of purely
fluctuational origin could increasingly influence corresponding hadronic observables.
Another crucial issue is the dynamical evolution of the primordial partonic inhomogeneities
in the course of parton-hadron conversion. In a recent study [26] it was shown, that the seed
inhomogeneity in the initial condition of the elliptic flow type for the hadronic RQMD code
survives the freeze-out and is visible in nal azimuthal distributions. This question is surely
most important and deserves further study.
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